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Abstract
In many forest fire incidences, late detection of the fire has lead to severe damages to the forest and
human property requiring more resources to gain control over the fire. An early warning and immediate
response system can be a promising solution to avoid such massive losses. This paper considers a
network consisting of multiple wireless sensors randomly deployed throughout the forest for early
prompt detection of fire. We present a framework to model fire propagation in a forest and analyze the
performance of considered wireless sensor network in terms of fire detection probability. In particular,
this paper models sensor deployment as a Poisson point process (PPP) and models the forest fire as
a dynamic event which expands with time. We also present various insights to the system including
required sensor density and impact of wind velocity on the detection performance. We show that larger
wind velocity may not necessarily imply bad sensing performance or the requirement of a denser
deployment.
I. INTRODUCTION
Wildfire is one of the most dangerous natural calamity, which not only hampers the ecosystem
and biodiversity of forests, but also results in great loss of human lives and property. It has been
estimated that 50% of the total forest cover in India is affected by occasional fire events with
6% of the area being at high and frequent risks of wildfire [1]. According to a report by the
Department of Science and Technology (Government of India) [2], a forest fire, in the month
of February to April in 2016, smashed nearly 4000 hectares of forest-cover spanning over 13
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2districts of the state Uttarakhand (India). The report also discussed various causes of forest
fire and precautionary steps to control wildfires, for example, construction of watch towers for
detecting forest fire, deployment of forest watchers, creation and maintenance of fire-line and use
of remote sensing technologies. However, there are some practical constraints in implementing
the above-mentioned measures such as inadequate infrastructure, heavy cost, and unskilled staff.
These constraints may lead to a delayed response in the case of a fire-event. This can result in
a multi-fold damage to the forest and human property that could have avoided with an early
response.
One way to build an efficient alarm system for early detection of wildfire is with the use
of wireless sensor network (WSN) of fire sensors deployed in forests. Wireless sensor network
refers to a network of connected wireless sensors and has gained popularity as a cost-effective
inexpensive solution to jointly detect an event/events including fire over an area owing to the
recent advancements in the sensor technology and wireless communication.
Wireless networks of these deployed nodes can also find a variety of application in the
forest including habitat monitoring, wildlife monitoring, humidity variations with the season,
and understanding the nature of a particular kind of animal, and its population.
The performance of a WSN can be characterized in terms of its coverage i.e. the probability
that the event is sensed by at least one node of the WSN. The coverage performance of a
WSN with sensors having fixed disk sensing range is analyzed in [3]. Readers are advised to
refer to [4] for an extensive literature survey discussing the coverage and connectivity analysis of
WSNs. Maintenance of coverage and connectivity in a network by activating a minimum number
of sensor nodes have been addressed in [5]. A study of deployment patterns of sensor node
was performed in [6] to get full coverage and k-connectivity under different sensor placement
schemes. Energy efficient optimal coverage and full connectivity was studied in [7], [8]. The
deterministic deployment of sensor nodes may not be possible for forest applications where the
terrains are not uniform. In such applications, random deployment of sensors can be assumed.
Tools from Stochastic geometry provide a tractable framework to study the coverage of random
networks including WSN [9]. Coverage performance of random WSNs was studied in [10], [11].
The main limitations of the above-mentioned work is assumption of the static nature of the event
to be sensed.
The events like fire tend to expand their affected area over time. To analyze the coverage
of a fire event using WSN, it is crucial to understand how wildfire grows with time. Different
3Fig. 1: Illustration showing a network of wireless fire sensors deployed over the forest. Each sensor has a random
sensing range r. A fire started at a point grows into the fire-region modeled by the set K(t) at time t.
models were studied in [12] to understand the dynamics of wildfire propagation. The two primary
approaches to model forest fire propagation are raster-based approach and vector based approach
[13]. The raster-based approach assumes that the fire propagates from cell to cell under certain
propagating conditions. The vector-based based approach assumes that fire grows according to
certain geometrical shape which can expand and shift with time. Few of the vector-based fire
propagation models were introduced in [14]. In [15], it was shown that fire propagates according
to an expanding circular shape in a homogeneous forest fire with no wind. The elliptical and
circular fire front propagation models were discussed in [16]. The work [17] studied the impact
of the wind on the growth of the fire. The coverage performance of a random WSN to sense a
time-evolving event has not been studied in the previous work which is the main focus of our
paper.
In this paper, we have considered a random wireless fire sensor network (WFSN) deployed
in a forest to sense an event of the fire. We develop an analytical framework to model the
propagation of wildfire with time in the presence of wind and derive the performance of WFSN
in terms of the fire-sensing probability as a function of time passed since the start of the fire.
We also characterize the fire detection probability and the critical sensor density to detect a
fire before it goes critical/uncontrollable. We also investigate the impact of wind velocity on it
and show that a larger wind velocity may not necessarily imply the requirement of a denser
deployment.
4II. SYSTEM MODEL
This paper analyzes the early detection of forest fire before it becomes uncontrollable with
the help of a randomly deployed network of wireless fire sensors. A list of symbols used in this
paper is shown in the table I.
We consider that nodes of the WFSN are deployed in the 2d space R2. Each sensor has a
sensing region around it which denotes the region this sensor can sense for fire. We model the
complete network of wireless sensors (locations and sensing regions of sensors) by a boolean
model Ψ. In this model, the locations of wireless sensors are model as a PPP, and each sensor
is assumed to have an identically distributed and independent (iid) sensing zone around it.
We model the locations of sensors by the PPP Φ with density λ, which represents the number
of sensors deployed per unit area of the forest. Let xi denote the ith wireless sensor location.
We represent each sensing zone of ith sensor as a ball (B(xi, ri)) of radius ri centered at xi.
Here, ri is the sensing radius of ith sensor and assumed to be a iid random variable. Let Si
denote B(0, ri). Let us denote ith sensor by the tuple (xi, ri) which denotes ith sensor located
at xi with sensing radius ri.
To model ri, we consider the hybrid sensing model which is a combination of disk sensing
model and exponential model [18].
In this hybrid model, the total sensing range of a sensor x is modeled as summation of a fixed
sensing range rin and a random variable y:
r = rin + y. (1)
where y is a truncated exponential random variable between 0 to R′ with probability of density
of function (pdf):
f(y) =

e−y
1−e−R′ if 0 < y ≤ R′
0 otherwise.
(2)
Here R′ = rout− rin with rout being the maximum sensing range of sensor. The expected value
of r and r2 is given as
E[y] =
(
1− R
′e−R
′
1− e−R′
)
E[r] =
1 + rin − (1 + rout)e−(rin−rout)
1− e−(rin−rout) (3)
E[r2] = r2in + 2E[y](1 + rin)−
R′2e−R
′
1− e−R′ . (4)
5TABLE I: Notation Table
Symbol Definition
Φ Homogeneous PPP which models locations of sensor nodes in the network.
λ Density of wireless sensor network per unit area.
ri The (random) sensing radius of ith sensor.
xi The location of ith sensor.
Si B(0, ri)
ξ Combined covered area of all sensors.
p(t) Sensing probability of set K at time t.
B(x, r) Ball of radius r centred at x.
⊕ Minkowski addition.
rin Fixed sensing range of a sensor node.
rout Maximum sensing range of a sensor node.
A(.) Area of a set (.).
`(.) Perimeter of a set (.).
Acr, tcr The critical area of fire and critical time to reach it.
pf Fire detection probability of fire before it goes critical.
(3) and (4) will be later used in calculating Minkowski addition.
Now, the total occupied space ξ by the sensors Ψ is a subset of R2 and is represented as
ξ =
⋃
i∈N
xi + Si. (5)
III. MODELING OF TIME-EVOLUTION OF WILDFIRE
We model the fire-front including the areas affected by it at time t as a set K(t) where t = 0
denotes the start of the fire. The dependence on time t represents the dynamic nature of the
fire-size. K(t) can be assumed to be convex [19]. Let us define the critical fire-area Acr as the
area of K(t) before the fire turns critical (uncontrollable or difficult to manage). The time at
which the fire becomes critical is termed as critical time tcr
tcr : A(K(tcr)) = Acr. (6)
In the past literature, various models for fire propagation are used considering the impact of
the local environmental condition and the velocity of wind. In this section, we consider three
specific models motivated from the past literature [19].
6A. Elliptical Model
In [20]–[22], the authors developed the generalized anisotropic propagation model with non-
local radiation term, and proposed the elliptical model as a candidate model. This model is also
validated with experimental data and simulation and it was found that fire may not have a steady
state rate initially but after some time, it grows with an elliptical geometric shape.
Motivated by these results, we model the dynamic fire ignited on a point as an elliptical shape
at any time t with the major axis aligned along the direction of air. At time t, the fire region
K(t) (see Fig. 2a) is given as:
K(t) =
x, y : x = t(g + f cosφ)y = t(h sinφ) , 0 ≤ φ ≤ 2pi
 (7)
where f , g and h are homogeneous to velocity and are determined by experimental data. It can
be seen that the major axis of K(t) is a(t) = ft, minor axis is b(t) = ht and the center is (gt, 0).
The different values of a(t) and b(t) under the different wind velocity are discussed in the
result section of [20] and it can be concluded that variations in the major and minor axis of the
fire region K(t) can be modeled as:
a(t) = αt(1 +
vx
V
) (8)
b(t) = αt(1 +
vy
V
). (9)
where vx and vy are the wind velocities in x and y direction. V is the scaling factor. α is the
firefront velocity in the absence of wind and depends on the other environment conditions and
forest density. Without loss of generality that we assume that there is no wind in the y-direction
(vy = 0) which gives the following expressions for major and minor axes:
a(t) ≈ αt(1 + vx
V
)
b(t) ≈ αt.
(10)
The area A(.) and the perimeter `(.) of the set K(t) under elliptical model is given as
A(K(t)) = pi.a(t)b(t) (11)
`(K(t)) ≈ pi[3(a(t) + b(t))−
√
(3a(t) + b(t))(a(t) + 3b(t))]. (12)
7B. Circular Model
In the absence of wind (vx = vy = 0) the elliptical model converges to a circular model.
Intuitively, we can also see that under the uniform condition such as vegetation and humidity
and absence of wind, the fire front will propagate circularly.
Fig. 2b shows the propagation of fire ignited at point O. As time grows, the radius rK(t) of
the fire affected area is given by
rK(t) = αt. (13)
As discussed earlier, α is the fire velocity in absence of wind which is consistent with the
definition.
C. Piriform Model
The other simple fire propagation model is pear shaped or piriform propagation model (see
Fig. 2c). It has been seen that if the air is dominating in a particular direction, the fire envelop
attains a piriform shape [23]. Under the priform model, the fire envelop K(t) is given as:
K(t) =
x, y : x = a(t)(1 + sinφ)y = b(t) cosφ(1 + sinφ) , 0 ≤ φ ≤ 2pi
 . (14)
Here, a(t) and b(t) are the two axes as given in (10):
Area and perimeter of K(t) associated with the Periform model is given as:
A(K(t)) = pia(t)b(t). (15)
`(K(t)) =
2pi∫
0
√
a2(t) cos2 θ + b2(t)(cos 2θ − cos θ)2dθ (16)
The perimeter of the curve `(K(t)) can be calculated by performing numerical integration.
IV. COVERAGE ANALYSIS
In this section, we will compute the sensing performance of the considered WFSN in terms
of fire detection probability. The fire detection probability pf of the system is defined as the
probability that fire is detected by at least one sensor of the sensor network before the fire turns
critical. Recall that an event of fire occurrence is said to be not sensed at time t if:
ξ ∩ K(t) = φ. (17)
8Ignition Point
Wind direction
(a)
(b)
(Wind)
Propogation axis
Ignition
point
(c)
Fig. 2: Various propagation models of wildfire in a forest. (a) In the presence of wind: elliptical model. (b) In the
absence of wind: circular model (c) In the presence of dominant wind: piriform model
Therefore, the fire detection probability is equal to the probability that any part of the fire region
falls in the sensing region of at least one sensor at critical time tcr. Hence, the fire detection
probability is given as
pf = P(ξ ∩ K(tcr) 6= φ). (18)
9A. Fire Sensing Probability at Time t
Let us first compute the probability that a fire event is not sensed at time t which is given by:
G(t) =P(ξ ∩ K(t) = φ)
= exp(−λE(A(Sˆ⊕K(t))) (19)
where Sˆ is the mirror image of S, ⊕ is the Minkowski addition [10]. Therefore, the probability
of the set K(t) being covered at time instant t is:
p(t) =1− G(t).
=1− exp(−λE[A(K(t)⊕ Sˆ])︸ ︷︷ ︸
N(K(t))
. (20)
Note that N(K(t)) represents the mean number of sensors that have detected the fire in their
sensing range. In 2-dimensional case, the area of the Minkowski addition of the set K(t) with
Sˆ = B(0, r) can be evaluated by Steiner formula [24]:
A(K(t)⊕ B(0, r)) = A(K(t)) + `(K(t))r + pir2. (21)
Recall that `(K(t)) is the boundary length of set K(t) and A(K(t)) is the area of K(t).
B. Fire Detection Probability
Now, the fire detection probability can be computed as
pf = 1− exp(−λE[A(K(tcr)⊕ Sˆ]). (22)
C. Critical Sensor Density
The critical sensor density (λcr) is defined as the density of sensors which can detect fire with
probability τ before fire turns critical. The generalized expression for critical sensor density is
given as follows:
λcr : τ = pf = 1− exp(−λcrE[A(K(tcr)⊕ Sˆ]).
This gives
λcr(τ) =
1
E[A(K(tcr)⊕ Sˆ]
log
( 1
1− τ
)
. (23)
We will now analyze the specific fire propagation models proposed in Section III.
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Fig. 3: Fire sensing probability p(t) with respect to time for various sensor density and fire propagation models.
(a) Circular fire propagation model. WSN with λ= 10 ×10−2 Sensors/m2 provides the fire detection probability pf
close to 100 %. (b) Elliptical fire propagation model. WSN with sensor density of 4 ×10−2 Sensors/m2 sensing
probability is less than 60% but after 4-second sensing probability is above 80%. (c) Piriform fire propagation
model. For λ= 3 ×10−2Sensors/m2 which is less than the elliptical case initially the fire sensing probability is
around 40% but within 4 seconds it reaches more than 80%.
D. Fire Detection Probability in the Absence of Wind (Circular Model)
Substituting area and perimeter for circular model in (21), the mean number of sensors
detecting the fire can be computed as
N(K(t)) = λE[pi(αt)2 + 2piαtr + pir2] (24)
= λpi
[
(αt)2 + 2αtE[r] + E[r2]
]
. (25)
Using (22), the fire detection probability is given as
pf(t) = 1− exp
(−λpi [(αtcr)2 + 2αtcrE[r] + E[r2]]) . (26)
The critical time is given as:
tcr ≤ 1
α
√
Acr
pi
. (27)
Using the value of tcr in (23), critical sensor density λcr is given as
λcr(τ) =
1
pi(αtcr)2 + 2piαtcrE[r] + piE[r2]
ln
( 1
1− τ
)
(28)
=
1
Acr + 2
√
piAcrE[r] + piE[r2]
ln
( 1
1− τ
)
. (29)
Therefore, any λ ≥ λcr will provide the fire detection probability more than τ .
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E. Fire Detection Probability in the Presence of Wind
The mean number of sensor that can detect fire can be obtained using (11) and (12) and is
given by as follows:
N(K(t)) = λE[pia(t)b(t) + pir[3(a(t) + b(t))−
√
(3a(t) + b(t))(a(t) + 3b(t)))] + pir2]
= λpiE
[
(αt)2
(
1 +
vx
V
)
+ rαt
[
3
(
2 +
vx
V
)
−
√
(4 +
vx
V
)(4 +
3vx
V
)
]
+ r2
]
= λpi
[
(αt)2
(
1 +
vx
V
)
+ E[r]αt
[
3
(
2 +
vx
V
)
−
√
(4 +
vx
V
)(4 +
3vx
V
)
]
+ E[r2]
]
.
(30)
The critical time tcr is given as:
tcr ≤ 1
α
√
Acr
pi(1 + vx
V
)
. (31)
It is clear that critical time reduces in the presence of wind. Using (30) and (31) in (23), the
critical sensor density can be computed as :
λcr =
1
[pia(tcr)b(tcr) + `(K(tcr))E[r] + piE[r2] log
(
1
1− τ
)
=
log( 1
1−τ )
Acr +
√
piAcr
1+ vx
V
[
3(2 + vx
V
)−√(4 + 3vx
V
)(4 + vx
V
)
]
E[r] + E[r2]
(32)
F. Fire Detection Probability for Piriform Model
The critical time tcr for piriform model is the same as the elliptical model. Now, the critical
density is given as
λcr =
1
Acr + `
(
K
(
1
α
√
Acr
pi(1+ vx
V
)
))
E[r] + piE[r2]
log
( 1
1− τ
)
. (33)
V. NUMERICAL RESULTS
In this section, we will evaluate fire detection probability and present some numerical results
and insights for the models considered. The simulation parameters taken are listed in the Table
II.
Impact of sensor density: Fig. 3 shows the variation of fire sensing probability pf(t) with
time (t) for the different different scenarios: (a) in the absence of wind velocity (circular fire
12
TABLE II: Numerical Parameters
Parameter Value
Inner sensing range (rin) 2 meter
Outer sensing range (rout) 4 meter
E[r] and E[r2] 2.68 meter, 5.49 meter
Fire flame velocity (α) .33 meter/sec.
Critical area (Acr) 20 m2
Wind velocity (vx) in elliptical/piriform model 3 m/s
Scaling factor (V) 10 m/s
propagation), (b) in the presence of wind velocity (elliptical propagation) and (c) in the presence
of dominant wind (piriform propagation). It can be seen that increasing sensor density can
significantly improve static detection probability which denotes the probability a fire is detected
at its start only. For example, WSN with sensor density λ=.05 Sensors/m2 can provide a static
detection probability of 60% in the absence of fire. It means that there is 60% chance that
fire start is immediately detected in the beginning. After 3 second of fire event, the detection
probability greater than 80%. In the presence of wind, impact of increasing sensor density is
less prominent. It can also be identified that having large sensor density does not have much
influence on sensing probability on the other hand moderate sensor density have fairly good
initial sensing probability and rapidly increases with time.
Comparison of three scenarios: Fig. 4 shows the comparison of three scenarios. In the
absence of any wind, the critical time (tcr) is 7.6 s. The critical time in the presence of wind is
6.7 second which is less than as compared to the no-wind case. It is due to the faster spread of
fire due to wind giving even smaller window to detect fire. The critical time (tcr) for piriform
type propagation is the same as the elliptical propagation. However, piriform type propagation
gives better coverage due to larger perimeter-to-area ratio making it easier for sensors to detect
this fire in the same time.
Impact of wind velocity on critical sensor density: Fig. 5 shows the impact of wind velocity
on critical sensor density for various propagation models. Recall that critical sensor density
corresponding to the zero wind velocity refers to the circular propagation. The critical sensor
density reduces in piriform type propagation as compared to elliptical type propagation of fire.
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Fig. 4: Comparative analysis between circular, elliptical and piriform models. In the presence of the wind, the
sensing probability is higher than the no-wind case.
This is consistent with the previous result. The another important observation is due to the
impact of wind on the propagation of fire. It seems that in high winds, critical time reduces
which is one of critical concern. However, due to high rate of fire spread, the fire detection
probability threshold also increases. It can be seen that the wind velocity can effectively help in
the detection of wildfire. In the case of piriform type propagation, a non-monotonic behavior of
critical density with respect to wind velocity can be observed.
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Fig. 5: Comparative analysis between elliptical and piriform model: Critical sensor density with respect to wind
velocity for different values of fire detection probablity thresold (τ ). In high wind areas, less density of sensors are
required to achieve similar fire detection probability thresold.
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VI. CONCLUSIONS
In this paper, we have considered a WSN with fire sensors for early detection of the forest fire.
We present an analytical framework based on the Boolean-Poisson model, with the elliptical,
circular and piriform fire flame propagation. Using the framework, we compute the critical sensor
density which needs to be deployed in the forest to ensure a certain minimum fire detection
probability. It has identified that in the presence of wind, critical time tcr to detect fire decreases
but the fire sensing probability also increases in comparison to the case without the wind.
REFERENCES
[1] Satendra and A. D. Kaushik, Forest Fire Disaster Management. National Institute of Disaster Management, Ministry of
Home Affairs, Government of India New Delhi, 2014.
[2] R. Sabha, “One hundred forty-ninth report on action taken by the department of science & technology on the
recommendations contained in the one hundred fortieth report of the department-related parliamentary standing committee
on science and technology, environment & forests on the demands for grants (2005-2006) of the department of science &
technology,” Rajya Sabha Secretariat, New Delhi, 2005.
[3] G. S. Kasbekar, Y. Bejerano, and S. Sarkar, “Lifetime and coverage guarantees through distributed coordinate-free sensor
activation,” IEEE/ACM Trans. Netw., vol. 19, no. 2, pp. 470–483, April 2011.
[4] D. Simplot-Ryl, I. Stojmenovic, and J. Wu, “Energy efficient backbone construction, broadcasting, and area coverage in
sensor networks,” Handbook of Sensor Networks, pp. 343–380, 2005.
[5] H. Zhang and J. C. Hou, “Maintaining sensing coverage and connectivity in large sensor networks,” Ad Hoc & Sensor
Wireless Networks, vol. 1, no. 1-2, pp. 89–124, 2005.
[6] Z. Yun, X. Bai, D. Xuan, T. H. Lai, and W. Jia, “Optimal deployment patterns for full coverage and k-connectivity (k ≤ 6)
wireless sensor networks,” IEEE/ACM Trans. Netw., vol. 18, no. 3, pp. 934–947, June 2010.
[7] X. Bai, Z. Yun, D. Xuan, T. H. Lai, and W. Jia, “Optimal patterns for four-connectivity and full coverage in wireless
sensor networks,” IEEE Trans. Mob. Comput., vol. 9, no. 3, pp. 435–448, March 2010.
[8] S. He, X. Li, J. Chen, P. Cheng, Y. Sun, and D. Simplot-Ryl, “EMD: Energy-efficient P2P message dissemination in
delay-tolerant wireless sensor and actor networks,” IEEE J. Sel. Areas Commun., vol. 31, no. 9, pp. 75–84, September
2013.
[9] J. G. Andrews, A. K. Gupta, and H. S. Dhillon, “A primer on cellular network analysis using stochastic geometry,” arXiv
preprint arXiv:1604.03183, 2016.
[10] M. Haenggi, Stochastic Geometry for Wireless Networks. Cambridge University Press, 2012.
[11] F. Baccelli and B. Błaszczyszyn, Stochastic Geometry and Wireless Networks, 2nd ed. NOW Publishers, 2009, vol. 1.
[12] M. El Houssami, A. Lamorlette, D. Morvan, R. M. Hadden, and A. Simeoni, “Framework for submodel improvement in
wildfire modeling,” Combustion and Flame, vol. 190, pp. 12–24, 2018.
[13] A. L. Sullivan, “Wildland surface fire spread modelling, 1990–2007. 3: Simulation and mathematical analogue models,”
International Journal of Wildland Fire, vol. 18, no. 4, pp. 387–403, 2009.
[14] J. Coleman and A. Sullivan, “A real-time computer application for the prediction of fire spread across
the australian landscape,” SIMULATION, vol. 67, no. 4, pp. 230–240, 1996. [Online]. Available: https:
//doi.org/10.1177/003754979606700402
15
[15] R. Weber, “Analytical models for fire spread due to radiation,” Combustion and flame, vol. 78, no. 3-4, pp. 398–408, 1989.
[16] M. A. Finney et al., Fire Area Simulator–model development and evaluation. US Department of Agriculture, Forest
Service, Rocky Mountain Research Station Ogden, UT, 1998, vol. 3.
[17] F. E. Fendell, “UAVs for tracking the growth of large-area wildland fires,” May 22 2018, US Patent 9,977,963.
[18] S. Pudasaini, S. Moh, and S. Shinz, “Stochastic coverage analysis of wireless sensor network with hybrid sensing model,”
in Proc. International Conference on Advanced Communication Technology, vol. 01, Feb 2009, pp. 549–553.
[19] E. Pastor, L. Zrate, E. Planas, and J. Arnaldos, “Mathematical models and calculation systems for the study of wildland
fire behaviour,” Progress in Energy and Combustion Science, vol. 29, no. 2, pp. 139 – 153, 2003.
[20] O. Sro-Guillaume, S. Ramezani, J. Margerit, and D. Calogine, “On large scale forest fires propagation models,” International
Journal of Thermal Sciences, vol. 47, no. 6, pp. 680 – 694, 2008.
[21] G. B. Peet, “The shape of mild fires in jarrah forest,” Australian Forestry, vol. 31, no. 2, pp. 121–127, 1967.
[22] G. D. Richards, “An elliptical growth model of forest fire fronts and its numerical solution,” International Journal for
Numerical Methods in Engineering, vol. 30, no. 6, pp. 1163–1179, 1990.
[23] G. Ferguson, Land on Fire: The New Reality of Wildfire in the West. Timber Press, 2017.
[24] S. N. Chiu, D. Stoyan, W. S. Kendall, and J. Mecke, Stochastic geometry and its applications. John Wiley & Sons, 2013.
